Objective: To identify factors influencing age at symptom onset and disease course in autosomal dominant Alzheimer disease (ADAD), and develop evidence-based criteria for predicting symptom onset in ADAD.
Researchers have identified more than 230 different autosomal dominant Alzheimer disease (ADAD) mutations located in the genes for amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2), including the canonical case discovered by Alois Alzheimer. 1 There are significant differences between mutation types in age at symptom onset, and many result in onset as early as the third or fourth decade of life. 2, 3 Some families carrying an identical ADAD mutation can have significantly different ages at onset, suggesting the presence of other genetic or environmental modifiers of the disease process. 4, 5 APOE genotype was found to slightly modify age at onset in 2 ADAD kindreds, 5, 6 although it is not yet clear whether this is the case for ADAD in general. The factors influencing symptom onset and progression in ADAD are not fully understood, and the degree to which symptom onset may be predictable from family history has not yet been established.
Many investigators increasingly believe that treating Alzheimer disease (AD) in its early presymptomatic stages, before the accumulation of irreversible damage, may be necessary to develop effective treatments for this devastating illness. 7, 8 Several clinical trials are investigating treatments for AD prevention in presymptomatic ADAD mutation carriers. 2, 9, 10 Evidence-based criteria for estimating symptom onset will significantly enhance the power of clinical research, by enabling enrollment of cohorts at well-defined time points in presymptomatic disease. In this study, we perform a meta-analysis of a large set of ADAD kindreds to investigate potential methods for estimating symptom onset in ADAD.
METHODS Data collection. We reviewed publications cited in the AD/Frontotemporal Dementia Mutation Database 11 and the Alzheimer Research Forum Database, 12 and searched PubMed with the terms "dominant Alzheimer," "dominant AD," "ADAD," "presenilin," "PSEN1," "PSEN2," and "APP," identifying 137 peer-reviewed journal articles that reported age at symptom onset of affected individuals and included pedigrees recording relevant parent-offspring relationships. As further described in the discussion section, in this report "age at onset" refers to the age at onset of progressive cognitive symptoms as determined by investigators during collection of family history, rather than the age at which an individual received a clinical diagnosis of dementia or mild cognitive impairment.
Data on parent-offspring relationships and age at symptom onset were used to construct a relational database of ADAD pedigrees, represented as a data frame in the statistical computer language R. 13 When available, data on sex, age at death, and APOE genotype were also included. Additional pedigree data were collected from 3 international studies: the Dominantly Inherited Alzheimer Network (DIAN) Study, 9 a large Colombian kindred carrying the PSEN1 E280A mutation, 14 and a set of 11 extended families of Volga German ancestry carrying an identical PSEN2 N141I mutation due to a genetic founder effect. 5, 15 Updated findings from a previously published multigenerational PSEN1 L286V kindred were provided by the investigator. 16 To avoid potential double reporting, pedigrees for each mutation type were manually examined for possible duplicates, and these were removed where identified. The combined dataset contains 387 pedigrees including 3,275 individuals, of whom 1,307 were affected by ADAD with known age at symptom onset.
Standard protocol approvals, registrations, and patient consents. The DIAN Study received approval from institutional review boards of participating sites, and written informed consent was obtained from all participants (or designated guardians of participants).
Associations between individual age at onset and family history measures. We assessed 3 potential measures of family history (parental age at onset, mean age at onset of all other affected family members, and mean age at onset of all other individuals with the same mutation type) and evaluated associations between each of these measures and the actual age at onset for each affected individual.
For each affected individual, a script in the computer language R was used to calculate the mean age at onset of all other affected family members, after excluding the value for that individual to avoid ascertainment bias. A similar process was used to calculate the mean age at onset of all others affected by the same mutation type, again excluding the value for that individual to avoid bias. Correlations between individual age at onset and each of these family history measures were assessed by linear regression. We replicated these in confirmatory analyses using stratified sampling of one individual per family, and in subgroup analyses after excluding the Volga German and Colombian kindreds. We additionally assessed intragroup agreement in onset by calculating intraclass correlation coefficients (ICCs) for mutation type and family using the multilevel package in R. 17 Effects of APOE genotype and sex. Three hundred eightyseven affected individuals (29.6%) additionally had information about APOE genotype. APOE genotypes were represented as a categorical ordered factor in R, with values ranked by order of increasing relative risk (e2e2 , e2e3 , e3e3 , e2e4 , e3e4 , e4e4) based on prior studies. 18, 19 Multiple regression was used to evaluate associations between individual age at onset and each of the family history measures described above, controlling for individual sex and APOE genotype as fixed effects.
Analysis of DIAN longitudinal data. We also performed a survival analysis using data on clinician-determined ages at symptom onset for 183 ADAD mutation carriers followed longitudinally in the DIAN observational study. For mutation carriers who are currently presymptomatic, data were censored as of their age at last assessment. We compared Kaplan-Meier estimates of median onset with the mean and median ages at onset calculated from the meta-analysis dataset.
Comparison of age at onset and disease course. For 600 affected individuals (45.6%) with known age at symptom onset and known age at death, the difference between these values was used to calculate the disease course in years from symptom onset to death. The relationship between age at onset and disease course was investigated by linear regression and polynomial regression.
RESULTS Table e-1 on the Neurology ® Web site at Neurology.org shows summary statistics for each of the 176 mutations in our dataset. Although ADAD is generally described as having early onset and rapid progression, 20 our findings emphasize that this is not necessarily the case for all ADAD mutations or for all patients. Mean onset was 46.2 years for all affected patients in the combined dataset, clearly younger than the mean symptom onset of 68 years reported in late-onset AD. 21 However, 57 mutations in our dataset had mean ages at onset as late as the sixth or seventh decade of life. Figure 1 displays ages at onset for all individuals grouped by the mutated gene. A mixed model adjusting for family membership as a random effect showed that mutations in PSEN2 had significantly later onset than mutations in PSEN1 and APP, and mutations in PSEN1 had significantly earlier onset than all other groups (all values significant at p , 0.0001).
Linear regression revealed strong and highly significant associations between individual age at symptom onset and each of the 3 measures of family history we assessed. Scatterplots in figure 2 show the actual age at symptom onset for each individual on the y-axis, plotted against that individual's estimated value using parental onset, mean onset of all other family members, and mean onset for all others with the same mutation type along the x-axes. Correlations between individual age at onset and each of these measures of family history were highly significant at p , 10
216
. The r 2 values were 0.3838 for parental onset, 0.5021 for mean onset of all other family members, and 0.5303 for mean onset by mutation type, indicating that these variables account for a substantial proportion of the observed variance in age at symptom onset.
Each of these correlations remained highly significant (p , 10
212
) after adjusting for APOE genotype and sex as fixed effects. Neither APOE (p . 0.4) nor sex (p . 0.5) reached significance or added to the variance explained in any of these models. Overall mean age at onset was slightly but not significantly later in males (46.58 vs 45.20 years). Figure 3 shows the difference between each individual's actual age at onset and the mean onset for all others with the same ADAD mutation type. Differences in onset were in the same direction as those previously identified for late-onset AD risk, 18, 19 with e4 allele carriers having earlier onset and e2 carriers having later onset; however, this did not reach significance or add to the variance explained.
To investigate the robustness of these results and control for potential biases resulting from large families, we performed a subgroup analysis excluding data from the Volga German and Colombian kindreds, which did not substantially alter our results, giving r 2 values of 0.402 for parental onset, 0.502 for family, and 0.538 for mutation type, with all correlations significant at p , 10
216
. We also performed 10 iterations of a confirmatory analysis using stratified sampling of one subject per family. 17 by mutation type and family. ICC1 and ICC2 values were 0.5619 and 0.9069 for mutation type, and 0.5837 and 0.8290 for family, which is again supportive of a relatively strong association of these variables with age at symptom onset.
A multivariate model including all 3 family history variables together gave an adjusted r 2 value of 0.527, only slightly higher than the value of 0.5225 for mutation type alone. However, mean onset by mutation type and family each continued to show statistically significant (p , 0.01) independent associations with individual onset. This indicates that much of the variance in individual onset in the overall ADAD population can be accounted for by ADAD mutation type itself, but that in certain families, other genetic or environmental factors may have independent effects in modifying age at onset.
Overall mean onset in the DIAN and literature datasets was very similar at 46.11 and 46.61 years, respectively, although SD was greater in the literature than in DIAN (10.1 and 8.9 years, respectively). Remarkably, these values are each closely comparable to the mean onset of 48.8 years reported in early case series of familial AD. To further validate these data using longitudinal observations of presymptomatic and symptomatic mutation carriers, we performed a survival analysis of 183 mutation carriers followed in the DIAN observational study. Kaplan-Meier curves representing survival to symptom onset are shown in figure e-1. For all mutation carriers, median survival to symptom onset was 47 years (95% confidence interval 45-48 years), compared with a median 46 years and mean 46.3 years in the meta-analysis. For PSEN1 mutation carriers, median survival to onset was 45 years (95% confidence interval 42-48 years; meta-analysis median 5 43 and mean 5 43.8). For APP mutation carriers, median survival to onset was 47 years (metaanalysis median 5 49 and mean 5 49.7). Repeating the above analyses using one individual per family gave similar results (45 years for all mutations, 43 years for PSEN1, 46 years for APP). We additionally performed direct comparisons of 5 individual ADAD mutation types with the most longitudinal data. These data are not shown directly to avoid unblinding the mutation status of DIAN participants, but median survival to symptom onset was within 0 to 4 years of the mean and median onset from metaanalysis data in each case. We also replicated each of our analyses in a subset of 131 mutations identified as meeting strict criteria for definitely pathogenic ADAD mutations by the DIAN Genetics Core (indicated with asterisks in table e-1). 23 This did not substantially alter any of our results, likely because among the 1,307 affected individuals in our dataset, 1,113 (85%) have mutations meeting strict criteria for definite pathogenicity.
To evaluate the relationship between symptom onset and progression of disease, we plotted the disease course from onset to death for all affected individuals with known age at death (figure 4). Regression showed no significant linear relationship (p . 0.5), however the "inverted-U" shape of the resulting plot suggested a nonlinear effect. Indeed, polynomial regression revealed a second-order relationship between age at onset and disease course, which was highly significant at p , 0.001, and this remained significant at p , 0.01 when replicated in each of the confirmatory subgroup analyses described above. Patients with early (younger than 35 years) or late (older than 65 years) onset each had a shorter disease course than patients with onset in midlife (35-65 years) . The average course from symptom onset to death in our dataset (9.7 years 6 5.06 SD) was only modestly shorter than the average course of 11.3 years from symptom onset to death reported in a large population with sporadic AD. 21 DISCUSSION We report the largest dataset to date of individual-level data on symptom onset, disease course, and family relationships for multiple ADAD mutation types and kindreds. The relatively strong associations observed between individual age at symptom onset and each of 3 measures of family onset history provide encouraging evidence that a majority of the observed variance in onset can be accounted for by ADAD mutation type. Given these findings, the potential predictability of symptom onset in ADAD can provide powerful advantages for prevention trials in presymptomatic ADAD. Although mutation type can account for a large part of the observed variance in onset, substantial variation remains within many ADAD families and mutation types, suggesting that other genetic, environmental, or stochastic factors may have significant roles in modifying onset in some families. To investigate a broad range of preclinical disease, DIAN treatment trials currently enroll participants up to 15 years before an estimated age at onset based on parental history, and will closely monitor AD-associated biomarkers in each participant. 24, 25 In the future, additional work will focus on further refining age at onset estimates in ADAD utilizing additional factors including genetics, biomarkers, and epidemiologic risk factors.
Although a widespread perception exists that ADAD always presents with much earlier onset than is seen in sporadic AD, 20 our findings emphasize that this is not uniformly the case. For mutations associated with later-onset disease, many carriers may die from unrelated causes before onset, making penetrance difficult to determine conclusively. It has been hypothesized that the low numbers of reported PSEN2 mutations may result from genetic screening being performed less frequently in late-onset familial dementia. 26 Because of the diverse characteristics of ADAD mutations, screening for ADAD should still be considered in cases of late-onset AD with a consistent dominantly inherited pattern.
The duration of disease caused by ADAD mutations may also be more similar to sporadic AD than has been widely believed, and our data show that not all ADAD mutations cause a more rapidly progressive course. In longitudinal studies of sporadic AD in a large multiethnic population, mean survival from symptom onset was 11.3 years for all patients, and 12.1 years for patients with onset below 60 years of age. 21 Mean survival from symptom onset in our dataset was modestly lower at 9.7 years. On further analysis, we detected an inverted-U relationship between onset age and disease course, where patients with the youngest and oldest ages at onset had the shortest survival from symptom onset to death, and patients with onset in midlife had the longest survival. Age at onset differences by APOE genotype For affected individuals with known APOE genotype, the difference between each individual's actual age at onset and the mean age at onset of all others sharing the same autosomal dominant Alzheimer disease mutation type is plotted on the y-axis.
This is consistent with a model in which highly pathogenic mutations lead to rapid accumulation of insults and cause early-onset disease with a rapidly progressive course. A shorter disease course in older individuals is expected because of their chronologic age. Mutations causing more gradual pathogenesis may cause later onset of disease, but could also show decreased survival times resulting from frailty of the older population affected at incidence, or from a decrease in amyloid clearance with advancing age. In interpreting our findings, it should be emphasized that this dataset is based on information about the age at first onset of progressive cognitive symptoms as assessed by clinicians in taking family history, rather than the age at which an individual received a clinical diagnosis of dementia or mild cognitive impairment. Because the age at which all individuals within an extended family were formally assigned to clinical diagnoses is unavailable for most participants, and may be confounded by factors such as regional/generational differences in diagnostic practices and individual differences in access to medical care, the age at symptom onset determined by clinicians when collecting family history has been preferentially used by clinicians and researchers working with ADAD families. 2, 4, 27 In DIAN, information is obtained from the participant, a collateral source, and/or other informants who may know the parental history of disease. Clinicians then determine the year of symptom onset after careful discussion with family informants and review of all available sources of information that may be useful, such as medical records and peripheral family members. Encouragingly, prior studies have demonstrated substantial agreement (r 5 0.88, p , 0.001) between unstructured estimates of symptom onset and duration reported by collateral sources and formal estimates prepared by physician raters after thorough medical record review and patient and informant interviews. 28 It remains difficult to assess the extent to which differences among investigators may affect some reports, and obtaining thorough history may be particularly challenging in large multigenerational families. However, the replication of our findings in several sensitivity analyses and in longitudinal data suggests that family history obtained by many clinicians can provide valuable information about the onset and course of disease.
In this large and diverse dataset, the strong associations observed between individual age at symptom onset and several measures of family history demonstrate that ADAD mutation type can account for a substantial proportion of the observed variance in age at symptom onset. These findings can be used by researchers and clinicians to derive estimates for the timing of onset before the development of symptoms, and perhaps before many of the progressive neuropathologic insults that precede dementia in AD. In addition to ongoing prevention trials in presymptomatic ADAD, future directions in ADAD clinical research include identification of genetic and environmental modifiers of disease onset and progression, and continued investigation of the relationships between laboratory and imaging biomarkers and the clinical course of disease. Age at symptom onset vs disease course in years (A) For all individuals with known ages of symptom onset and death, age at symptom onset is plotted against disease course in years, estimated as the total time from symptom onset to death. Jitter was added to the x-and y-axes. A nonparametric smoothing function (LOESS) is shown in blue. Dashed red lines indicate median age at symptom onset and median survival from symptom onset in sporadic Alzheimer disease based on published data. 21 (B) Individuals are shown partitioned into 3 groups by age at symptom onset.
